Abstract The release of pollutants, especially heavy metals, into the aquatic environment is known to have detrimental effects on such an environment and on living organisms including humans when those pollutants are allowed to enter the food chain. The aim of this study is to analyse the damage to Clarias gariepinus' liver caused by exposure to different concentrations of copper. In the present study, samples of C. gariepinus were exposed to sub-lethal copper sulphate (CuSO 4 ) concentrations (from 0.2 to 20.0 mg/L) for 96 h. Physiological and behavioural alterations were observed with respect to their swimming pattern, mucus secretion and skin colour. Mortality was also observed at high concentrations of copper. Histopathological alterations of the liver were analysed under light, transmission and scanning electron microscopies. The liver of the untreated group showed normal tissue structures, while histopathological abnormalities were observed in the treated fish under light and electron microscopes with increased copper concentrations. Histopathological abnormalities include necrosis, melanomacrophage, hepatic fibrosis and congested blood vessels. In addition, the enzyme activity of liver cholinesterase (ChE) was also found to be affected by copper sulphate, as 100% of cholinesterase activity was inhibited at 20.0 mg/L. Thus, liver enzyme activity and histopathological changes are proven to be alternative sources for biomarkers of metal toxicity.
Introduction
In recent years, heavy metal pollution has increased in Malaysia due to mining, natural disasters and human and industrial activities (Sabullah et al. 2015a) . Heavy metals refer to any metallic chemical element with a relatively high density that is toxic or poisonous at low concentration (Duruibe et al. 2007) . Continuous exposure to various heavy metals such as copper, cadmium, zinc, nickel, lead and arsenic may have a wide range of deleterious effects on living organisms. Although several heavy metals are required for biochemical reactions at low concentrations, they would adversely affect physiological functions at high concentrations due to their bioaccumulation in vital organs of aquatic organisms, especially fish (Sabullah et al. 2014a; Singh et al. 2011) . Heavy metals are very harmful to the structural system and can lead to physiological and metabolic reactions when present at high concentrations in the milieu (Parvathi et al. 2011) .
Copper is one of the most dangerous heavy metals that cannot be degraded; thus, it tends to bioaccumulate in the body of organisms, disrupting the food chain and ultimately threatening human life. Commonly, copper contaminations come from normal and anthropogenic sources such as agricultural leaching and mine washing and as algaecides and Responsible editor: Thomas Braunbeck molluscicides in the aquatic environment (Hedayati and Ghaffari 2013) . Fish is a primary target of heavy metal bioaccumulation, which tends to occur via certain organs. According to several studies, copper can cause severe damage to aquatic organisms, especially fish (Sabullah et al. 2014b; Balambigai and Aruna 2011; Atabati et al. 2015; Kumar et al. 2015) . Fish has also been reported in the literature to be very sensitive to pollutants due to their ability to easily accumulate toxicants in their organs and cellular functions during exposure (Ajani and Akpoilih 2010) . Thus, the effect of accumulated toxicants will cause severe damage to the piscine systems, leading to an overall toxic effect of metabolic reactions as well as physical and behavioural activities. According to Ashraf et al. (2011) and El-Moselhy et al. (2014) , the accumulation of metals in fish depends on several factors such as trophic level, location, feeding behaviour, size, age, duration of exposure to metals and concentration of metals. The amount of various metals accumulated in the fish's body tends to differ as each metal exhibits different affinity, uptake, deposition and excretion rate from the fish tissues. Most fish found at the top of the aquatic food chain can potentially accumulate high metal contents, even under mildly polluted conditions.
Previous studies have demonstrated that heavy metals can be bioaccumulated and distributed at different concentrations in various fish organs (Papagiannis et al. 2004; Balambigai and Aruna 2011) . When a toxic compound is accumulated in the fish's body, it may lead to physiological, pathological and biochemical disorders in the exposed fish (Joshi 2011) . Copper contamination can be accumulated in the fish and becomes toxic if the fish is exposed to a high copper concentration for a sustained period. According to Annabi et al. (2013) , the gill is the first organ with the ability to accumulate heavy metals through absorption along the surface, followed by the gut tract wall. Heavy metals accumulated by this organ are then distributed and bioaccumulated in other main piscine organs and systems, including liver, spleen and kidney. However, there are exceptions, as in Karayakar et al. (2010) , who observed that copper was accumulated more in the liver of Anguilla than in the gills and muscle. A similar observation was also reported by Rajkowska and Protasowicki (2013) , who found that copper was mostly accumulated in the liver compared to other piscine organs (kidney, digestive tract, skin, spleen, gill and muscle). Das and Gupta (2013) also reported the same observation that the liver contains the highest concentration of copper followed by the gills, kidney, flesh, bone and brain. Aside from the gills and liver, muscle of Clarias gariepinus have also been found to accumulate high concentrations of various heavy metals compared to other organs (Ibrahim et al. 2013) . In fact, apart from accumulating copper from a medium, this organ also plays an important role in copper homeostasis and heavy metal detoxification (Gbem et al. 2001; Olojo et al. 2005; Das and Gupta 2013) .
Hence, the liver is the target organ for closer examination in this work concerning copper toxicity. The accumulation of copper might cause a number of adaptive mechanisms in the liver such as an increase in the synthesis of glutathione and metallothionein, which has been reported to be involved in the cellular detoxification of metals (López-Alonso et al. 2005) . Patnaik et al. (2011) reported that fish are known to produce a sequestering agent (metallothionein) to combat the bioaccumulation of trace elements in the liver tissues from reaching a proportion at which the function of the liver is impeded, potentially resulting in a gradual degeneration of the liver cells' syncytial arrangement. Moreover, it has also been reported by several studies that the chronic accumulation of heavy metals in the piscine liver can cause hepatocyte lysis, cirrhosis and ultimately death (Pourahmad and O'Brien 2000; Varanka et al. 2001; Saxena and Saxena 2007) . In addition, the accumulation of copper in the liver can also cause hepatic disturbances in fish (Hedayati and Ghaffari 2013) , not to mention copper toxicity, which is also connected to its valence form catalysing oxidative responses that lead to a yield of reactive oxygen species. These extremely reactive compounds may also cause tissue changes and alteration in some physiological reactions of fish, leading to oxidative stress (Sabullah et al. 2014c ) and may also influence the immunological status of fish (Zelikoff 1993) .
In addition, according to Nemcsók et al. (1984) and Sabullah et al. (2015a, b) , copper is considered a neurotoxic compound that has the ability to inhibit the activity of cholinesterase (ChEs) enzymes such as acethylcholinesterase (AChE, EC 3.1.1.7), butyrylcholinesterase (BChE, EC 3.1.1.8) and propionylcholinesterase (PrChE, EC 3.1.1.9). ChE(s) can be distinguished based on tissue distribution, substrate specificity, inhibitor reactivity and kinetic properties. AChE is mostly found in the brain tissue, whereas BChE is mainly found in the liver as this organ synthesises BChE before its distribution into the circulatory systems. Usually, BChE will become the target enzyme to be inhibited by toxicants such as copper because it is located at the central deposition of toxicants. The inhibition occurs through an interaction between the amino acids of BChE and the positive charge of copper. Thus, ChEs can be an alternative biomarker for evaluating the level of copper toxicity. Moreover, several studies have been carried out using ChEs to evaluate the level of toxicity in many fish species. For instance, the ChE from Lates calcarifer has been used to study heavy metal toxicity (Hayat et al. 2016; Hayat et al. 2017) , while BChE from the liver of Anabas testudineus is sensitive to metal ions such as mercury, lead and copper (Ahmad et al. 2016b) . The inhibition of ChE with toxicants or nerve agents (especially heavy metals) may lead to the bioaccumulation of acetylcholine at the synaptic cleft and interruption of nervous transmission, eventually leading to paralysis and death (Sabullah et al. 2014b; Fulton and Key 2001) .
Thus, this study proposes Clarias gariepinus as an indicator species for the biomonitoring of aquatic pollution in Malaysia due to its ubiquity in the aquaculture industry and in Malaysian rivers and aquatic bodies. Recently, enzymatic and histopathological examinations have increasingly been recognised as valuable tools for assessing the impact of environmental pollutants on fish, and many investigations have also been carried out on various fish species (Muthukumaravel 2014) . Therefore, the objectives of this study are the following: (i) to determine the physical and behavioural changes exhibited by C. gariepinus exposed to copper; (ii) to determine morphological changes in C. gariepinus exposed to different concentrations of copper using transmission electron microscopy (TEM), scanning electron microscopy (SEM) and light microscopy; and (iii) to investigate the ChE activity in C. gariepinus exposed to various concentrations of copper.
Materials and methods

Fish
Clarias gariepinus with an average weight of 100.0 ± 20.0 g and an average length of 20.0 ± 5.0 cm were supplied by a local fish aquarium outlet in Semenyih, Selangor, Malaysia. The water condition at the supplier's sanctuary was frequently changed and monitored on a daily basis for the optimum health of the fish. The fish were allowed to acclimate under laboratory conditions for 15 days in glass aquaria containing 40 L of dechlorinated water at room temperature (25°C). Fish were fed daily with a commercial pellet at 2% body weight. Water containing unconsumed feeds and by-products of excretion was removed from the aquarium, and the water was changed twice per week to maintain cleanliness.
Chemicals
Pentahydrate copper sulphate (CuSO 4 ·5H 2 O) (HmbG® C h e m i c a l s ) , a c e t h y l t h i o c h o l i n e i o d i d e ( AT C ) , butyrylthiocholine iodide (BTC), propionylcholine iodide (PTC) and 5,5′-dithiobis(2-nitrobenzoicacid) (DTNB) were purchased from Sigma-Aldrich.
Treatments, behavioural analysis and histopathological determination
After the acclimatisation period, the fish were exposed to various concentrations of copper sulphate (CuSO 4 ·5H 2 O) for 96 h (96 h). The fish were not fed during the treatment period (96 h) prior to exposure to the copper sulphate (Farhangi et al. 2014) . The experimental design consisted of control (no CuSO 4 ·5H 2 O) and nine concentrations (0.2, 0.5, 1.0, 2.5, 5.0, 7.5, 10.0, 15.0 and 20.0 mg/L) of CuSO 4 ·5H 2 O. Each experimental group consisted of six fish, and the experiment was carried out in triplicate. After a 96-h treatment, the number of dead fish in each group was recorded, and the remaining fish were removed from the aquarium, placed in an ice bath and then sacrificed by decapitation with the livers removed. The behaviour of treated and untreated fish during the exposure period was recorded in terms of swimming performance, mucus secretion, body colour and mortality. Liver samples at the selected concentrations (0, 2.5, 5.0, 7.5 and 10.0 mg/L) were taken from the fish for histopathological examination using transmission electron microscopy (TEM), scanning electron microscopy (SEM) and light microscopy.
Sample preparation for histopathology
Liver samples were fixed in a 10% neutral buffered formalin for 48 h to inhibit the decaying or autolysis of the tissues so that the samples could be preserved for future study. Afterwards, the samples were placed into the cassette and fixed again in a 10% formalin. Then, samples were subjected to tissue processing in which the cassette containing samples was immersed into alcohol with a series of ascending concentrations at a given time (80% alcohol for 2 h, 95% alcohol for 2 h and 100% alcohol for 3 h), followed by chloroform and paraffin for 3 and 5 h and 30 min, respectively. The samples were then embedded into the wax and placed on a cold plate for 15 min until they became a block. After being embedded in wax, the samples were sectioned at 5 μM thickness using a microtome and then stained using haematoxylin and eosin staining.
Sample preparation for TEM and SEM
The liver samples were cut into a number of approximately 1-mm 3 slices and fixed using 4% glutaraldehyde for 24 h. Afterwards, the samples were each washed and immersed three times in a 0.1 M sodium cacodylate buffer for 10 min. Then, post-fixation was performed by soaking the samples in cold 1% osmium tetroxide for 2 h at 4°C and then washing them again using 0.1 M sodium cacodylate buffer for three times for 10 min each. The samples were dehydrated by being immersed three times in a series of increasing acetone concentrations (35% for 10 min, 50% for 10 min, 75% for 10 min, 95% for 10 min and 100% for 10 min). The infiltration process was then performed using a resin mixture and acetone at ratios of 1:1 and 3:1 and 100% resin for 1, 2 and 12 h of incubation, respectively. Another 2-h incubation with 100% resin was carried out to ensure complete resin infiltration. Then, the embedding process began with placing the samples into beam capsules filled with resin prior to the polymerisation process in an oven at 60°C for 48 h. For SEM, the drying process was performed by transferring the samples into sample baskets before being placed into a critical point dryer for 30 min.
The samples were mounted by sticking the samples onto the SEM stub using a double-sided tape and coated in a sputter coater.
Extraction and determination of ChE activity
The liver samples from each aquarium were extracted by homogenising the samples using an Ultra-Turrax T25 homogeniser. The samples were homogenised in a 0.1 M sodium phosphate buffer, pH 7.5, containing 2 mM phenylmethylsufonyl fluoride (liver and buffer ratio of 1:4) (w/v). The homogenisation process was carried out on ice, and the temperature was maintained at 4°C. Then, the homogenate was centrifuged at 10,000×g for 1 h at 4°C. The supernatant was added into a 96-well microplate containing 50 μL of Cu 2+ solution, and the samples were incubated at 25°C for 30 min. The ChE activity of C. gariepinus was determined using the modified method of Ellman et al. (1961) . Then, the absorbance was measured using a 96-well microplate at a wavelength of 405 nm. Next, 200 μL of sodium phosphate buffer (0.1 M, pH 7.0), 20 μL of DTNB (0.1 M) and 10 μL of ChE were loaded into the well and incubated for 15 min. After 15 min of incubation, 20 μL of substrates (5.0 mM ATC, BTC and PTC) was added into the mixture and incubated for another 10 min to allow for the reaction to occur. The ChE activity was expressed as the quantity of substrate (μM) hydrolysed by ChE per minute (U). All of these assays were carried out in a dark room (Sabullah et al. 2014b; Ahmad et al. 2016b; Hayat et al. 2016) .
Statistical analysis
Every ChE activity assay was performed in triplicate, and differences among groups were tested by ANOVA followed by Tukey's multiple comparison tests at 5% of the significant level using Graph pad prism 5.0 software. P < 0.05 was considered statistically significant.
Results and discussion
Physical and behavioural change determination
Behavioural alteration is one of the most important tools for evaluating the organisational level of biomarkers in fish (Ezeonyejiaku et al. 2011) . The value of behavioural toxicology depends on the behaviour of an organism, which represents the final integrated result of biochemical and physiological process diversity. In this study, behavioural changes in C. gariepinus during a 96-h treatment with copper sulphate were determined based on swimming performance, mucus secretion, body colour and mortality. The exposed fish exhibited an irritation behaviour represented by erratic swimming performance. In addition, vertical and downward swimming patterns and sudden movements were exhibited by the exposed fish. There was also an increased frequency of opercula and mouth movement by the fish when at the surface of the water, which indicates difficulty in breathing. The exposed fish became hyperactive and showed imbalance in posture, capsizing in water at low concentrations of copper. However, at higher concentrations (10.0, 15.0 and 20.0 mg/ L), the fish started to sink to the bottom and became motionless, leading to recorded mortality at the end of the exposure period, as shown in Fig. 1 . In the control group, there were no behavioural changes, and no mortality was recorded throughout the experiment. A similar behavioural observation was made by Kumar et al. (2015) in copperexposed Clarias batrachus. The abnormal swimming pattern of C. gariepinus under stressful conditions may be due to the obstructed functions of neurotransmitters, which may disrupt the nervous system (Adakole 2012) .
According to Weis et al. (2001) , the presence of toxicants can cause damage to the nervous system, resulting in the alteration of behaviour. At the biochemical level, toxicants may alter the synthesis and release of the neurotransmitter, which may be associated with behavioural changes, including swimming patterns. Acetylcholine is the most important neurotransmitter in brain development. In the absence of acetylcholinesterase, acetylcholine level may increase, resulting in the failure of transmission of stimuli to the nerves or organs. Hence, the presence of copper can inhibit the neurotransmitter ChE and disrupt the swimming performance of fish (Sabullah et al. 2015b; Vieira et al. 2009 ). Furthermore, dopamine and serotonin are also involved in locomotion, aggression and feeding behaviour of fish. The presence of organic chemicals and heavy metals may inhibit and alter the function of these compounds. For instance, the exposure of Oreochromis mossambicus to mercury reduces the serotonin levels in the brain and inhibits the normal development of the hypothalamic serotonergic system (Weis et al. 2001) . Siddiqa et al. (2016) have noted that the loss of balance seen in the erratic swimming behaviour of fish exposed to increasing metal concentrations may be due to impairment either in the nervous systems or in the muscle fibres.
Copper exposure also affected the body colour of the exposed C. gariepinus, wherein the body colour changed from dark grey to whitish and yellowish. Similar observations have been observed regarding the effect of endosulphan and carbofuran on C. gariepinus (Mohamed Abu Zeid et al. 2005) and in the studies by Agbebi and Owoeye (2012) and Ayotunde and Ofem (2008) on Oreochromis niloticus, where skin discolouration occurred after treatment with copper sulphate. According to Quifen et al. (2012) , skin discolouration can be caused by environmental factors such as the colour of the water or the presence of toxicants in water that can destroy the piscine nervous system. Copper changes the colour of water to dark brown; hence, there is a great possibility that it can change the body colour of fish to a lighter grey. Mucus secretion is also one of the factors used to evaluate the condition of the fish. The observed excessive mucus secretion is indicative of toxicant exposure. This is because mucus is generally secreted throughout the epithelial surface of the gills, when exposed to heavy metals, as a protective response by coating the absorptive surface (Abalaka 2015) . However, excessive secretion of mucus over the gills may inhibit the diffusion of oxygen during the process of gaseous exchange. A similar finding of excessive mucus secretion in Clarias batrachus is also reported by Kumar et al. (2015) . Another observation is that in the recorded mortality rate of C. gariepinus, there was a corresponding increase in the mortality response of the test fish at 10.0, 15.0 and 20.0 mg/L of copper sulphate. From the results of the mortality readings, the fish started to die at copper sulphate concentrations of 10.0 mg/L, where 11.1% of mortality was recorded; at 15.0 mg/L, the mortality increased to 55.5%; at the highest concentration (20.0 mg/L), 85.1% of mortality was recorded.
Histopathological determination
Histopathology is the microscopic evaluation of altered morphology that expresses a disease process in an organism (Osman et al. 2010) , which has proven to be a cost-effective tool in determining the health status of a fish population and in turn the well-being of the whole aquatic ecosystem (Devi and Mishra 2013) . Therefore, it has become a suitable biomarker for the early response of a measurable biological event to pollutants' exposure (Ribeiro et al. 2005; Miranda et al. 2008; Liebel et al. 2013 ). Similar to human liver, fish liver also functions as the principal metabolic centre, and any damage to this organ would result in many physiological disturbances, leading to subsequent mortality of fish. The hepatic damage observed in the present investigation was in accordance with that found by other researchers during exposure to different pollutants. In fish, the liver is the primary detoxifying organ, and any toxicity effects to the liver are evaluated in the form of the hepatosomatic index (HSI). Sindhe and Kulkarni (2004) have reported a reduced HSI in Notopterus notopterus under chronic exposure to various heavy metal salts for 12 months. Damage to the blood capillaries that occurred in the liver along with disarrayed hepatic cords supports the view among previous studies that metals are able to cause haemorrhaging in the piscine internal organs (Singh and Bhati 1994; Loganathan et al. 2006; Bhatkar 2011) .
In this experiment, the examination of the liver's cellular condition was conducted using light microscopy, scanning electron microscopy and transmission electron microscopy in order to generate three different ultrastructural images of the liver. A cellular study was also carried out to prove the toxic effects on the liver by identifying hepatocellular abnormalities and the extent of the damage to this organ system (Ahmed et al. 2013) . It is known that the liver is the principal organ concerned with detoxification and biotransformation processes and is responsible for various crucial functions. The histological structure observed in the cells of controlled or untreated fish was found to be identical to that of normal fish, which is made up of hepatocytes that do not orient into distinct lobules but are arranged into two-cell-thick branched laminae separated by sinusoids. Hepatocytes are polygonal cells with a central spherical nucleus and a densely stained nucleolus (Figueiredo-Fernandes et al. 2007; Hadi and Ahwan 2012) . The present study has found that the liver of control fish exhibits a normal structure with no histological abnormalities. However, there were some histological alterations that occurred in fish specimens exposed to various concentrations of copper sulphate, as described in Table 1 . The lesions were observed to be sinusoid dilation, nucleus degeneration, congested blood vessel and melanomacrophage in the parenchymal tissues of the liver.
The damage caused to the fish's liver might be due to the cumulative action of the toxicant on the blood and ultimately on other cellular structures. There also seems to be a definite correlation between tissue damage and certain physiological alterations. The microscopic examination of hepatocytes and their nuclei in C. gariepinus exhibited slight histopathological changes, in comparison with the control ones, when exposed to sublethal concentrations of copper sulphate for 96 h. During that exposure period, some abnormalities were noticed, including hepatocellular necrosis at low concentrations (Fig. 2b, c) . As the concentration increased, liver alterations became more evident with a decrease in the number of cellular hepatocytes of hepatic tissues and an increase in the number of necrotic cell and vacuolation at 5.0, 7.5 and 10.0 mg/L (Fig. 2c-e) . Then, liver tissues completely lost their architecture, as revealed by the formation of haemosiderin, which probably was considered melanomacrophage, at 7.5 mg/L (Fig. 2d) , as well as the congestion of blood vessel in the parenchymal tissues of the liver at 10.0 mg/L (Fig. 2e) . Brown, granular and relatively insoluble pigments of haemosiderin contained an iron component and a protein that can be present in considerable quantities under certain conditions such as haemolytic anaemia (Agius and Roberts 2003) . There are two possible mechanisms that can form haemosiderin in the liver, which are the increased catabolism of damaged erythrocytes and increased retention of iron within melanomacrophage, serving as a protective mechanism (Agius and Roberts 2003) (Fig. 3) . Similar observations on copperinduced histopathological changes including dilation of sinusoids and congestion of blood vessel in the liver of Oreochromis niloticus have also been observed (Nandan and Kumar 2014) . According to Mela et al. (2013) and Abdel-Moneim (2014), hepatocellular necrosis formation represents irreversible structural and functional damage, which reflects either the presence of disorders such as the disturbance of enzyme activities, loss of cell membrane integrity, alteration in protein synthetic machinery and carbohydrates metabolism or a strong association with oxidative stress. The diffusion of melanomacrophage in the parenchyma of tissues of the liver indicates that the structure and metabolism of this organ have been damaged due to copper exposure. Melanomacrophage is a condition related to the stagnation of bile outflow from the hepatocytes and is recognised by the presence of yellow-brown granules within the cells (Hadi and Ahwan 2012) . Fanta et al. (2003) also stated that the accumulation of bile can cause damage to the hepatic metabolism and that an increase in the density of melanomacrophage aggregates is generally related to crucial hepatic lesions such as necrosis and degenerative processes. These statements concur with that published by AbdelMoneim (2014) , where melanomacrophages are often related to degenerative and necrotic processes. A study of the histological effect of copper on the liver of Morone americana also showed the abnormalities of melanomacrophage after copper treatment (Bunton et al. 1987) , which have possibly been caused by the trapping of foreign particles that entered the body of the organism (Agius and Roberts 2003) . In addition to copper, other heavy metals such as cadmium and lead can also cause the formation of melanomacrophage, as seen in the livers of Cyprinus carpio and Oreochromis niloticus, respectively (Reddy 2012; Doaa and Hanan 2013) .
The results obtained in this study are in agreement with that reported by Bhoraskar and Kothari (1997) , which showed severe damage to the liver of Clarias batrachus when exposed to 10 mg/L of zinc sulphate. Additionally, other studies have also demonstrated the histological damage to the fish's liver caused by zinc (Kumar and Pant 1981; Abdel-Warith et al. 2011) . Osman et al. (2009) recorded congestion and haemorrhage in the hepatic sinusoids with dilation of hepatic vessels, vacuolisation and degeneration of hepatic cells, as well as fatty changes and atrophy of pancreatic acini in the liver of Oreochromis niloticus when exposed to polluted water containing heavy metals. Govindasamy and Rahuman (2012) also discovered a dilation of the sinusoid in the liver of Oreochromis mossambicus when treated with silver; this was followed by the study of Ostaszewska et al. (2016) that found a lesion in the liver of Siberian sturgeon after treatment with copper nanoparticles. Meanwhile, Figueiredo-Fernandes (2007) studied the histopathological changes in the liver of Nile tilapia, Oreochromis niloticus, when exposed to waterborne copper, and they were able to observe vacuolisation and necrosis of liver parenchyma. Furthermore, a study by Jaffal et al. (2015) found the formation of melanomacrophage in the brown trout (Salmo trutta) from Kerguelen Islands. Combining TEM with light microscopy and SEM allows for a better visualisation of the structure-function relationship in the fish's liver. After a 96-h exposure to copper, conspicuous alterations encountered within the hepatocytes included vacuolation, pyknosis, apoptosis budding and karyohexis. However, the penetration of copper into the liver has caused a progressive reduction and fragmentation of cells. At the lowest concentration of copper (2.5 mg/L), pyknotic nuclei were displayed with shrinking of the nuclear envelope, which is also known as nuclear fragmentation. However, vacuolation was noticed at 5.0 mg/L (as shown in Fig. 4c ), which displayed a change in of the nucleus associated with the development of budding and karyohexis on the nuclear membrane. As copper concentrations were increased to 7.5 and 10.0 mg/L (Fig. 4d, e) , pyknosis and vacuolation were displayed along with the formation of budding and karyohexis of nucleus. These situations occurred due to unsustainability of the nuclear envelope and degeneration of the DNA strands caused by the toxicity of heavy metals, which can potentially lead to a programmed cell death (Sabullah et al. 2014c ).
When observed under SEM, the outer part of C. gariepinus' liver showed the formation of blebs, whose size increased as copper concentrations increased. The blebbing of cells is also known as a spherical cellular membrane protrusion that inflates and retracts on a timescale of minutes, resulting in detachment of the cell membrane from the actin cortex or a localised rupture of the actin cortex (Ruan et al. 2015) . It was reported that cell blebbing is of great interest because of its dynamic features connected with cellular reorganisation in cell spreading, virus uptake and apoptosis (Ruan et al. 2015) . However, in this experiment, the formed blebs displayed a balloon shape and expanded at high concentrations of copper.
Programmed cell death, also known as apoptosis, is described as a form of cellular suicide since the death appears to result from the induction of active processes within the cell itself. The failing cell will then undergo rapid changes, observed in both its structure and biochemistry. The morphology of a programmed cell death is illustrated by the condensation of nuclear chromatin (pyknosis), magnification, nuclear fragmentation, blebbing of plasma membrane and cytoplasmic Fig. 2 Cross section of liver tissue of C. gariepinus. a Control shows a normal structure of the liver with typical spherical structure of parenchymal cell. b Exposed to 2.5 mg/L of CuSO 4 shows necrotic cell (1). c Exposed to 5.0 mg/L of CuSO 4 shows necrotic cell (1) and vacuolation (2). d Exposed to 7.5 mg/L of CuSO 4 shows necrotic cell (1), vacuolation (2) and melanomacrophage (3). e Exposed to 10.0 mg/L of CuSO 4 shows necrotic cell (1), vacuolation (2) and congested blood vessels (4). Haematoxylin/ Eosin stain, (400×) shrinkage (Orrenius et al. 2011) . In the present study, loss of cell-cell contact, untethering of the plasma membrane and rapid blebbing or budding were observed. These phenomena might be due to a breakup of the cytoskeleton and disruption of membrane-actin cortex interactions, resulting in a rapid protrusion in the plasma membrane on account of the cells' internal hydrostatic pressure (Fackler and Grosse 2008) . These changes suggest an active detoxification attempt by the liver (Jiraungkoorskul et al. 2007 ).
Vacuolisation of hepatocytes might indicate an imbalance between the synthesis rate of substances such as albumin, plasma protein, glucose, fatty acids, cholesterol and phospholipids in parenchymal cells and the rate of releasing them into systemic circulation (Haley and Berndt 2002; Hadi and Ahwan 2012) . Increased vacuolation of the hepatocytes is described by Pacheco and Santos (2002) as a degenerative process suggestive of metabolic damage, possibly related to exposure to contaminated water. In this present study, an increase in the density of vacuolation was observed at 5.0, 7.5 and 10.0 mg/L of copper. The density of vacuolation was observed through an increase in the number of vacuole formations (Fig. 4) , which probably indicates a cellular defence mechanism against toxicants and substance injurious to hepatocytes. This mechanism is responsible for the observed collective injurious elements and for preventing these elements from interfering with the biological activities of the cells (Hadi and Ahwan 2012) . The observed vacuolation of hepatocytes is in agreement with reports by Camargo and Martinez (2007) and Paris-Palacios et al. (2000) and thus collectively suggest that the alteration is associated with fish exposure to heavy metal contaminants such as copper.
Cholinesterase activity study
In addition to histopathological observations, an enzymebased biomarker was also evaluated in this study, as it is considered to be the simplest tool for estimating the presence of toxicant (Sabullah et al. 2015a) . For instance, glucose-6-phosphatase, an antioxidant enzyme, has been used as a marker for carcinogenesis in mammals and functions as a biomarker for pollution-induced carcinogenesis in fish (Osman et al. 2010) . On the other hand, in this study, cholinesterase was used as a biomarker for copper toxicity. This is because ChEs are abundantly present in the brain, kidney, skeletal muscles and erythrocyte membranes of fish (Ahmad et al. 2016b; Hayat et al. 2015) . The presence of ChE in a fish's liver can protect hepatocytes against oxidative injury and can also detoxify xenobiotics (Sabullah et al. 2014b; Al-Ghais 2013) . ChEs are capable of being regulated in the presence of metal ions. For example, AChE activity has been found to increase at low concentration of metal ions such as iron and copper (Sant'Anna et al. 2011; de Lima et al. 2013) . One of the benefits of using ChE is that it works best under in vivo and in vitro conditions. In this study, the preliminary evaluation of cholinesterase (ChE) substrates in the liver of C. gariepinus was conducted using three different substrates (i.e. acetylthiocholine iodide (ATC), butyrylthiocholine iodide (BTC) and propionylthiocholine iodide (PTC)), as synthetic substrates replacing ACh, BCh and PCh, respectively, which are synthesised as central and peripheral neurotransmitters. The results showed that the highest ChE activity of C. gariepinus' liver was achieved using BTC compared to the hydrolysis of ATC and PTC, which were observed to be lower (Fig. 5) . Furthermore, additional previous studies regarding liver cholinesterase have utilised BTC as a specific substrate for the liver of fish, mice, horse, etc. (Sabullah et al. 2014b; Wierdl et al. 2000; Askar et al. 2011; Durrant et al. 2012) . Thus, this present study also made use of BTC as specific substrates for the liver of C. gariepinus, which yielded the highest activity of 11.03 U/mL. As such, this study accords with one conducted previously and with a similar result in Anabas testudineus (Ahmad et al. 2016a) .
BChE activity in the liver of treated fish (Fig. 6 ) shows differential effects upon exposure to CuSO 4 . The control in the in vivo experiment exhibited 100% activity, while BChE activity was significantly reduced as the concentration of copper was increased. Copper sulphate, at its lowest concentration (0.2 mg/L), was found to inhibit cholinesterase activity at up to 58%, whereas almost 100% of cholinesterase activity was inhibited at the highest concentration of copper (20.0 mg/L). This is probably because the copper ion inhibits AChE Fig. 4 Cross section of liver tissue of C. gariepinus. a Control shows a normal structure of liver which consists normal hepatic cell that comprising normal nucleus, mitochondria and endoplasmic reticulum. b Exposed to 2.5 mg/L shows pyknosis (nuclear shrinkage) (1). c Exposed to 5.0 mg/L shows the formation of vacuolation (2). d Exposed to 7.5 mg/L shows pyknosis (1) and budding and karyohexis (3). e Exposed to 10.0 mg/L also shows vacuolation (2) and budding and karyohexis (3) (12,000×) activity by interfering with the imidazole group of His in cholinesterase (Frasco et al. 2008 ). The study done by Balambigai and Aruna (2011) also concluded that copper sulphate is able to induce the inhibition of cholinesterase.
According to Sabullah et al. (2015b) and Najimi et al. (1997) , metal ions at high concentrations (especially copper) are able to inhibit the activity of ChE by binding at the imidazole, sulphydryl and carboxyl groups, which lead to a structural change in the active site and to the blocking of substrate binding at the active site. Metal ions also have the affinity to interact with other amino acids such as tryptophan, methionine, cysteine and phenylalanine at the protein's active and allosteric sites (Sabullah et al. 2015b; Glusker et al. 1999) . Apart from that, Balambigai and Aruna (2011) also found that AChE activity in all tissues of Cyprinus carpio (L.), including the liver, decreases after treatment with copper sulphate within 72 h. This has been attributed to the interference of metal ions with the thiol groups of thiocholine.
Moreover, copper is one of the heavy metals reported to have noncompetitive inhibition behaviour towards ChE activity (Sabullah et al. 2014b; Stoytcheva 2002) . A previous study conducted by Saluja and Kumar (2005) stated that the inhibition of copper sulphate on cholinesterase isolated from Rattus norvegicus' stomach is a noncompetitive type. Similarly, Sabullah et al. (2015b) also recorded that the inhibition of copper on ChE of Puntius javanicus is a noncompetitive type with regard to statistical analysis data of the K m and V max values (which displayed a similar K m value). In addition, the mixed type inhibition of copper towards AChE was reported by Nemcsók et al. (1984) , in which the enzyme was extracted from Cyprinus carpio with in vivo and in vitro exposure to copper. This inhibition behaviour suggests that copper inhibits ChE activity by binding at both the free enzyme and enzyme substrate complexes at different equilibrium constants of interactions (Gouzi et al. 2010) . Thus, these situations support the notion that metal ion inhibition is related to blockage of the enzyme's active site that alters the ChE structure and amino acid sequence variety that are diversely affected by metals and other pollutants. This could also prevent the formation of an enzyme-substrate complex, resulting in either reversible or irreversible protein denaturation (Sabullah et al. 2014b) .
In contrast, de Lima et al. (2013) reported an increase in ChE activity at a lower concentration (0.06 mg/L) under in vivo copper exposure, with ChE activity undergoing several changes during the exposure period, resulting in a decrease in ChE activity. On the other hand, Lehtonen and Leiniö (2003) reported no changes in the AChE activity of Macoma balthica and Mytilus edulis at a lower concentration of copper (0.04 mg/L), although a decrease in activity is reported at a higher copper concentration (0.2 mg/L) for M. edulis. This result corresponds to that of the present study, which observed a decrease in BChE activity, even at 0.2 mg/L, which is considered a high dose of copper for C. gariepinus. Quintaneiro et al. (2014) suggest that this condition is affected by the time and type of exposure, and the different studies and physiology of the species can also contribute to differences observed in the sensitivity of ChE towards copper. Although some reports have demonstrated the in vitro inhibition of AChE by metals, other factors might also have contributed to the change in synthesis and/or degradation rates of the enzyme in in vivo experiments due to metal accumulation in the tissues (Bainy et al. 2006) . In fact, a differential activation of multiple molecular forms in the esterase system has previously been reported in the shrimp C. thyrrena after mercury exposure (Thaker and Haritos 1989) . Based on these studies, it can be suggested that metals and exposure conditions exhibit a significant relationship with the acetylcholine receptor, thereby affecting its binding efficiency. These may also lead to an increase in AChE synthesis in order to decompose the high levels of neurotransmitter as an acute response. The increase in AChE activity might also be related to the up-regulation of the AChE gene caused by the initial inhibitory effect of metals. Nevertheless, the mechanisms involved in this study are yet to be clarified. Insufficient differences recorded in the subsequent period of exposure were suggested to have resulted from an inefficient response after chronic exposure, leading to a decrease in AChE synthesis, followed by the active forms of enzyme (Bainy et al. 2006 ).
Conclusion
In conclusion, the results of our study indicated that the in vivo exposure of Clarias gariepinus to sub-lethal concentrations of copper affected the liver and impaired liver functions, as observed physiologically and histopathologically, with the latter through various microscopic observations. The various interplays of possible damage mechanisms, from the cellular down to the molecular levels, suggested the need for further studies to elucidate the mechanism of copper toxicity in greater detail. The ChE activity of the liver was significantly decreased as concentrations of copper were increased. Therefore, this particular fish species may be suitably employed as a sentinel species for the biomonitoring of copper pollution.
